The >3á0 Ga chert sequence of the Gorge Creek Group is exposed at Ord Ranges about 50 km east of Port Hedland in the Pilbara Block. The chert sequence examined in this study is 15 m thick and consists of oxide-rich laminated chert, grey chert (silici®ed clastic rock), carbonaceous black chert and carbonate-rich laminated chert. Although the cherts have undergone postdepositional silica enrichment, such as cementation and metasomatic silici®cation, primary precipitation of silica at the site of deposition is indicated by abundant microstructures (mosaic and spherulitic structures). Other primary to early diagenetic components were carbonates, sulphates (gypsum and anhydrite) and organic matter. Although these mineral associations, on the whole, correspond to those of modern marine evaporites, they are different from modern equivalents with respect to abundant precipitation of amorphous silica and presumed primary precipitation of iron-carbonate (siderite). This feature is a possible manifestation of peculiar physicochemical conditions in the water mass from which the chemical sediments were precipitated; compared with modern ocean waters, the concentrations of Fe and Si were signi®cantly higher and the pH value might have been lower. These conditions could be obtained by contributions of Fe-and Si-enriched hydrothermal solutions and continental run-off to the site of deposition.
INTRODUCTION
In the Pilbara Block, Western Australia, the greenstone belt is composed of the Pilbara Supergroup, which is subdivided into the Warrawoona, Gorge Creek, and Whim Creek Groups in ascending stratigraphic order (Hickman, 1983) . The Warrawoona Group consists largely of ma®c± ultrama®c volcanic rocks with subordinate chert and felsic volcanic units. During its formation, shallow-marine environments developed on the low-relief ma®c±ultrama®c volcanic shield with felsic volcanic-cones in places (Barley et al., 1979; DiMarco & Lowe, 1989a,b) ; silici®ed evaporitic sediments were found from several strata (Lowe, 1983; Boulter & Glover, 1986; Buick & Sedimentology (1998) Dunlop, 1990) . The Gorge Creek Group, on the other hand, consists largely of sedimentary rocks such as shale, sandstone, conglomerate, chert and iron formation, and is interpreted as an orogenic terrigenous assemblage (e.g. Lowe, 1994) . In contrast to the Warrawoona Group, petrological and geochemical characteristics of sedimentary rocks of the Gorge Creek Group have scarcely been studied, despite their potential for revealing the evolution of the greenstone belt in the Pilbara Block.
We report here sedimentological, petrological and geochemical characteristics of chert layers in the Gorge Creek Group. Although the chert layers were silici®ed and have suffered partial subaerial alteration, they exhibit well-preserved primary to early diagenetic textures. Previous studies on Archean cherts suggest that their mineral compositions and sedimentary textures are of great help when considering their origins and sedimentary environments (e.g. Lowe & Knauth, 1977; Lowe, 1983; Paris et al., 1985; Buick & Dunlop, 1990) . Recently accumulated geochemical data from various types of Archean cherts (e.g. Sugitani, 1992; Manikyamba et al., 1993; Minami et al., 1995; Sugisaki et al., 1995; Sugitani et al., 1996) have also placed some constraints on their origins. Detailed petrological and sedimentological descriptions of Archean cherts, combined with geochemical characteristics, should provide important information about their origins and sedimentary environments that are closely connected with surface environments on the early earth. The chert layers discussed in this paper consist of: (1) silici®ed chemical and biogenic sediments; and (2) silici®ed clastic sediments. In the former, various structures related to silica diagenesis, postdepositional silica-enrichment, microbial activities, and precipitation and replacement of sulphate minerals are well preserved. From the latter, new petrological and geochemical data of titaniferous cherts characterized by very low Al 2 O 3 /TiO 2 values (< 4) are obtained. The very low Al 2 O 3 /TiO 2 values for Archean cherts from other areas of the Pilbara Block, together with their origins and sedimentary environments, were recently discussed by Sugisaki et al. (1995) and Sugitani et al. (1996) .
GEOLOGICAL SETTING AND STRATIGRAPHY
The chert layers occur at the southern edge of a chert-clastic complex, about 8 km in diameter, called`Ord Ranges', %50 km east of Port Hedland, Western Australia (Fig. 1) . The complex is a member of the Cleaverville Formation of the Gorge Creek Group (Hickman, 1983) that is assumed to have been deposited before 2á95 Ga (Oversby, 1976) . The 15 m thick outcrop examined is subdivided into four units (Fig. 2) in terms of lithologic features: Unit 1 consists dominantly of oxide-rich laminated chert; Unit 2 consists exclusively of grey chert similar to clastic rocks in appearance; Unit 3 consists dominantly of carbonaceous black chert with minor oxide-rich laminated chert; Unit 4 consists mostly of carbonate-rich laminated chert with lesser amounts Fig. 1 . Sampling location of cherts in the Pilbara Block. The star shows the location of Ord Ranges in the Pilbara Block, and the arrow shows the outcrop examined at Ord Ranges. Simpli®ed geological map of the Pilbara Block is after Hickman (1983) . Geological map of Ord Ranges is after the Australian 1 : 250 000 Geological Series (Port Hedland-Bedout Island).
of oxide-rich laminated chert and carbonaceous thin layers that are equivalent to carbonaceous black chert. In addition to these four main lithologic types, light-grey, translucent and structureless chert occurs commonly within the chert layers in Units 1, 3 and 4. In this study, 53 samples collected during the ®eld research in 1989 and 1993 were examined.
METHODS
Major and minor elements of the samples were analysed by an automatic X-ray¯uorescence spectrometer. For major elements, a fusion glass made from powdered sample and¯ux (Li 2 B 4 O 7 ) in the proportion of 1 : 5 was used (Sugisaki et al., 1977) . For minor elements, a pressed disc was made by mixing powdered sample and binder in the proportion of 2:3. Ferrous iron was colourimetrically determined using o-phenanthroline (Sugisaki, 1981) . For inductively±coupled plasma spectrometry (ICP-AES) analyses of rare earth elements (REEs), samples were decomposed primarily by HCl±HNO 3 ±HF solution and residues were decomposed by Na 2 CO 3 fusion (Kawabe, 1995) . Total C and H were analysed by an elemental analyser (Carlo Erba-EA1108). Constituent minerals were examined under the microscope and qualitatively analysed by X-ray diffraction (XRD) using Cu-K a radiation. Some samples were treated by dilute HF (10%) before XRD analyses; during this treatment quartz is dissolved, but ®ne-grained carbonates enclosed with quartz are less attacked and the diffraction peaks of these carbonates can be separated from those of quartz. The analytical results are listed in Tables 1 and 2 (whole data set is available upon request).
DESCRIPTIONS OF QUARTZ OCCURRENCE
Quartz is the dominant mineral in the chert samples, and its occurrence is useful for estimating the metamorphic grade of the chert and the secondary enrichment of silica. Therefore, quartz occurrences are described before the descriptions of each unit. In most parts of the cherts, individual quartz microcrystals become extinct randomly, but locally they show spherulitic extinction or domain extinction (and various intermediate phases), as described for Early Proterozoic cherts and iron-formations of North America by Simonson (1985 Simonson ( , 1987 . These extinction ®gures occur within irregular voids, layers parallel to local bedding and interstices of brecciated portions (vein stockworks). Small voids consist of a single spherulitic mass (Fig. 3A) , whereas larger voids and bedding layers have spherulitic masses growing inward with a texture of`swapped rims' (Fig. 3B,C ) (Voll, 1960) . In the latter case, the centres of voids are often ®lled with megaquartz-mosaic (Fig. 3B) . In vein stockworks, mosaics of megaquartz typically coarsen inward (Fig. 3D ) and a colloform texture isopachously coating the breccia is also observed. Brecciated fragments are mostly angular and have sharp outlines (Fig. 3D ), but some fragments are peripherally discoloured or entirely blurred. In addition to these quartz morphologies, euhedral-megaquartz occurs locally in cherts. This chert is characterized by the presence of a ferruginous layer containing hematite and goethite that occur as granules,¯akes and pseudomorphs after rhombic or spindle-shaped minerals. The layers are generally porous and/or discontinuous. Spindle-shaped cavities are commonly found and, in some portions, they display mound-like aggregation or subvertically oriented and fan-shaped structures (Fig. 4A ). This unit also contains thin, wavy, and discontinuous laminae enriched in carbonaceous matter.
Unit 2: Grey chert
The grey cherts are similar to clastic rocks in appearance and petrologically quite different from the other types of chert. The grey cherts contain ®ne TiO 2 particles, detrital quartz, Tirich sand grains and silicate minerals (sericite). Detrital quartz is angular to rounded and often shows textures of secondary overgrowths. Tirich sand grains are composed of ®ne TiO 2 particles, microcrystalline quartz and ironoxide/hydroxide. The grey cherts also contain thin layers enriched in intraclastic grains of various shapes. These grains are quartz±sericite mosaics rimmed by ®ne TiO 2 particles, or mixtures of ®ne TiO 2 particles and microcrystalline quartz. Some intraclastic grains contain detrital quartz.
Unit 3: Carbonaceous black chert
Unit 3 consists of alternating black and translucent layers less than a few cm in thickness. Black layers contain ®ne carbonaceous matter and show lamination (Fig. 4B) . Clots of carbonaceous matter containing ®ne silicate minerals are also present. Translucent layers are composed exclusively of microcrystalline quartz with little impurity.
Portions enriched in carbonaceous matter were also observed in cherts from Units 1 and 4. They can be regarded as equivalent to the carbonaceous black chert and therefore are described here. A carbonaceous fragment from Unit 4 shows a spongy structure ( Fig. 4C ) with densely packed carbonaceous microgranules less than 5 lm in diameter. Carbonaceous laminae composed of massive or thickly walled spherules or ellipsoids from 10 to 40 lm in length are also found in Unit 4 (Fig. 4D ).
Unit 4: Carbonate-rich laminated chert
Unit 4 is characterized by abundant ®ne carbonate grains. Hematite and goethite are commonly present, but occur as granules,¯akes or pseudomorphs after rhombic and spindle-shaped minerals. Pyrite and carbonaceous matters are present only as minor constituents. The cherts display various types of lamination, interlaminar structure and microstructure. The laminae are mostly thinner than 5 mm and are parallel but locally wavy, anastomosed or discontinuous. The thin oxide/hydroxide-rich layers often grade laterally into oxide/hydroxide-poor ones (Fig. 4E ). Additionally, soft-sediment deformation and intraclastic grains are observed. Both the perturbed and adjacent unperturbed portions are often cut by common quartz veins.
Microstructures such as mosaic and spherulitic structures commonly occur in carbonate-rich laminae. Each unit of mosaic structure generally corresponds to an individual quartz grain in the matrix (Fig. 4F) . Components of mosaic units, other than quartz, are mostly carbonates with lesser amounts of hematite, goethite, pyrite and carbonaceous matter. Within the perturbed portions of the sediments, aggregates of ®ne carbonate grains shaped like euhedral-quartz are occasionally present (Fig. 4F ). They occur inside larger anhedral quartz crystals in the matrix. Spherulitic Archean cherts from the Gorge Creek Group 1049 structures (quartz microspheres), from 5 to 30 lm in diameter, are also present in quartz-®ne carbonate matrix and rarely in carbonaceous portions. Two adjacent spherules are often connected with each other, and some spherules are cored with unidenti®ed impurities. Spherules walled with ®ne carbonate grains are also common. The mosaic structure and the spherulitic one described here are quite similar to those in hematitic cherts of the Warrawoona Group in the Pilbara Block (Sugitani, 1992) and Archean hematitic cherts (jasper and jaspilite) in India (Spencer & Percival, 1952; Majumder & Chakraborty, 1977) . Three additional microstructures in Unit 4 are: (1) nodular interlaminar structure; (2) brecciated laminae showing internal development of euhedral megaquartz; and (3) spindle-shaped cavities Archean cherts from the Gorge Creek Group 1051 (Figs 5 and 6). The nodular interlaminar structures composed of microcrystalline quartz are similar to those reported from North Pole Chert (Buick & Dunlop, 1990; Fig. 3(c) ). The brecciated laminae are characterized by internal development of euhedral-megaquartz grains that contain ®ne carbonate grains inside and occasionally display zonation (Figs 5A, 6 ). Pore spaces between euhedral-megaquartz grains are ®lled with microcrystalline quartz. Fine and spindle-shaped cavities are commonly found in carbonate-rich layers (Fig. 5B ) and in the matrices of brecciated laminae.
GEOCHEMICAL CHARACTERISTICS
Most cherts from Ord Ranges consist dominantly of SiO 2 and subordinately of Fe 2 O 3 * (total Fe as Fe 2 O 3 ). Concentrations of SiO 2 and Fe 2 O 3 * vary from 76á4% to 99á4% and 0á1% to 22á9%, respectively (Table 1) . Concentrations of Al 2 O 3 and TiO 2 range up to 1á8% and 0á6%, respectively. Concentrations of other constituents are generally lower than 0á1%, except for 0á17% MgO, 0á23% CaO and 0á14% P 2 O 5 in a carbonaceous black chert (No. 93423). Some samples from Unit 4 with higher FeO concentrations (> 1á3%) tend to be enriched in CO 2 (total C as CO 2 > 0á7%).
Grey cherts (Unit 2 samples) are discriminated clearly from the other samples in terms of chemical compositions; the concentrations of TiO 2 , Al 2 O 3 , Cr, Ni, Zn, Rb and Zr of the grey cherts tend to be higher than those for the other cherts (Figs 7 and 8) . Additionally, the values of Al 2 O 3 / TiO 2 for the grey cherts are signi®cantly lower compared with those of the other cherts (Fig. 9 ).
Concentrations of rare earth elements were determined for two samples from Unit 4 (Table 2). The REE-patterns normalized to NASC (North American Shale Composite) are characterized by slight enrichment in heavy rare earth elements (HREE) and a positive Eu-anomaly. The patterns are, on the whole, similar to those of banded iron-formation and banded chert from the Gorge Creek Group previously reported by Derry & Jacobsen (1990) and Minami et al. (1995) , but our samples show more LREE (light rare earth element)-enrichment and a slightly positive Ce-anomaly (Fig. 10A) . The values of (La/Nd) N and (La/Yb) N in the analysed samples are 1á23 and 1á86 for No.89048 and 1á15 and 0á85 for No.89148, respectively, and are relatively higher than those of banded iron-formation ((La/ Nd) N 0á8, (La/Yb) N 0á5; Derry & Jacobsen, 1990 ) and banded chert ((La/Nd) N 1á2, (La/ Yb) N 0á6; Minami et al., 1995) (Fig. 11) . The REE patterns of all these samples from the Gorge Creek Group are different from those of hematitic cherts in the Warrawoona Group (Sugitani, 1992; Minami et al., 1995) ; the latter shows more HREEenriched patterns (Fig. 10B) . (La/Nd) N and (La/ Yb) N -values of the samples from the Gorge Creek Group tend to be higher than those of hematitic cherts from the Warrawoona Group (Fig. 11) .
INTERPRETATIONS
Microstructures related to diagenesis of silica, and origins of ®ne carbonates Quartz crystals forming mosaic structures in the chert layers at Ord Ranges occur in either an anhedral or euhedral habit (Fig. 4F) . The presence of euhedral quartz, as identi®ed by bipyramidal distribution of ®ne carbonates, indicates a close relation between the mosaic structure and silica diagenesis (and crystallization). The precursors of mosaic units are considered to have been clots of silica gel formed by gradual dehydration. In the portions where perturbation of sediments occurred, the clots of silica gel were dispersed in porous portions and were subsequently crystallized to euhedral quartz, whereas in the unperturbed portions, the more closely packed clots of silica gel were crystallized to irregular and anhedral quartz (Fig. 4F) . Mosaic structures have previously been reported from Archean hematitic cherts in India by Spencer & Percival (1952) and Majumder & Chakraborty (1977) , who also suggested that the structure Fig. 2 . Plots of 0á005% for TiO 2 , 0á05% for Al 2 O 3 and 0á5% for Fe 2 O 3 * include data whose concentrations of TiO 2 , Al 2 O 3 and Fe 2 O 3 * are lower than 0á005%, 0á05% and 0á5%, respectively. was formed by gradual shrinkage (dehydration and consolidation) or desiccation of a colloidal silica gel.
The spherulitic structure (quartz microsphere), is also most likely formed by diagenesis or crystallization of silica. The possibility of biogenic origin is excluded by the size distributions of the quartz spherules (15$25 lm) which are mostly larger than bacterial cells and are similar to those of inorganically synthesized quartz microspheres (Oehler, 1976) . Oehler (1976) showed experimentally that silica gel crystallizes in the form of chalcedonic spherules under hydrothermal conditions (3 kb, 100±300°C, 25±5200 hrs) and concluded that the spherulitic structure in Precambrian cherts is not biogenic in origin. Spherulitic amorphous silica was found also from hydrothermal silica chimneys of the Galapagos Spreading centre by Herzig et al. (1988) , who suggested that suf®cient supersaturation for the deposition of amorphous silica was achieved by cooling of initial hydrothermal water.
The presence of mosaic and spherulitic structures indicates that silica was an important component of the primary sediments and that the ambient water mass was possibly supersaturated with silica. These two types of microstructure possibly re¯ect¯uctuations of physicochemical conditions controlling diagenesis and crystallization of silica. In either case, the formation of these microstructures is believed to have occurred during an early stage of diagenesis. These structures are present in both unperturbed and adjacent perturbed portions of the sediment that are cut by later common quartz veins, indicating that they were formed before fracturing of sediments.
The microstructures are generally accompanied by ®ne carbonate grains, and these carbonates are considered to be primary precipitates or products of early diagenesis. XRD analyses for several samples treated by dilute HF show that siderite is present as the carbonate mineral, which is supported by the fact that samples with high FeO concentrations (> 1á3%) tend to be enriched in CO 2 (> 0á7%; Table 1 ). Fine siderite grains and siderite microspheres in Archean to Early Proterozoic cherts and banded iron formations are generally regarded as primary to early diagenetic precipitates, whereas rhombic (sparry) carbonates (dolomite, ankerite and siderite) are diagenetic to neomorphic products (e.g. Dimroth & Chauvel, 1973; Carrigan & Cameron, 1991; Winter & Knauth, 1992) .
Post-depositional silica-enrichment
Post-depositional silica enrichment of the chert layers is deduced from the presence of spherulitic extinction ®gures of the microcrystalline quartz mass (Fig. 3) and the internal development of euhedral megaquartz crystals (Figs 5A and 6). As summarized by Simonson (1985) , the spherulitic extinction ®gures of silica can form in several ways such as competitive growth during void-®lling by precipitation of ®brous crystals (Roedder, 1968) , replacement of other materials (Milliken, 1979) , and neomorphism of amorphous or opaline silica (White & Corwin, 1961) . In the chert layers at Ord Ranges, most of the extinction ®gures, if not all, were formed by rapid void®lling precipitation of ®brous quartz crystals. A replacement origin for the extinction ®gures is not possible, because the portions showing spherulitic extinction do not contain relict rhombic grains and other impurities that abundantly occur in adjacent portions (Simonson, 1985) . Their regular mutual boundaries and extinction behaviour (Fig. 3C ) also suggest that they were not formed by replacement of other materials (Simonson, 1985) . Some spherulitic extinction ®gures might have been formed by neomorphism of opaline or amorphous silica, but the inward growth of spherulitic ®gures with megaquartz-®lled centres in voids implies their growth into open spaces (Fig. 3B,D) . Furthermore, reliable evidence for silica precipitation in cavities is the internal development of euhedral-megaquartz within brecciated laminae in Unit 4 (Figs 5A and 6). Such euhedral-megaquartz in unmetamorphosed rocks typically represents growth into free spaces such as microcavities and fracture openings (Knauth, 1994) . The quartz grains often show zoning identi®ed by variation in amounts of inclusions (Fig. 6) ; the amount of inclusions (mostly ®ne carbonate) decreases from core to rim of individual euhedral quartz crystals. Spaces among the euhedral-megaquartz crystals are ®lled with microcrystalline quartz. These convergent lines of evidence indicate that the euhedralmegaquartz is not recrystallized microcrystalline quartz.
The two different styles of postdepositional silica precipitation in cavities described above (i.e. ®brous crystals and euhedral-megaquartz) may be related to different silica concentrations in solutions from which the two silica phases were precipitated. The ®brous crystals suggest a rapid growth of quartz from interstitial waters highly supersaturated with quartz (Simonson, 1985 ; and references therein). In contrast, the enhedral-and zoned-megaquartz shows slow and intermittent growth of quartz from solutions whose silica concentration was not high enough to allow rapid growth of ®brous crystals.
An additional mechanism for postdepositional silica enrichment is`metasomatic silici®cation', which has been often emphasized for cherti®cat-ion of nonsiliceous Archean sediments and igneous rocks (Lowe & Knauth, 1977; Paris et al., 1985; Duchac Ï & Hanor, 1987; Hanor & Duchac Ï, 1990) . In many portions of the cherts from Ord Ranges, rhombic carbonates and spindle-shaped minerals are replaced by microcrystalline quartz. Some fragments in vein stockworks are peripherally or entirely discoloured and blurred. These (Sugitani et al., 1996). features suggest that the cherts have suffered some metasomatic silici®cation. However, the timing and mechanism of replacement and their relation to the precipitation of ®brous or euhedral quartz in cavities are obscure.
Origins of iron-oxide/hydroxides (hematite and goethite)
Iron-oxide/hydroxides (hematite and goethite) are subordinate components in the chert layers, and can be regarded as secondary minerals because they do not occur as very ®ne dusts, typical of primary precipitates in oxide-facies banded iron formations (Dimroth & Chauvel, 1973) . Instead they occur as granules,¯akes, irregular aggregates or pseudomorphs. The secondary origin of hematite and goethite is also strongly suggested by the lateral discontinuity of hematite-and goethiterich laminae as shown by Fig. 4(E) . The cherts also contain abundant rhombic grains of hematite or goethite, which appear to be oxidized ironbearing carbonate (ferroan dolomite, ankerite and siderite; Lougheed, 1983) . Accordingly, some hematite and goethite in the chert layers were formed by in-situ oxidation of iron-bearing carbonates. More complex processes, in addition, participated in the formation of hematite-and goethite-rich laminae. These laminae contain abundant spindle-shaped cavities and similar shaped hematite grains, indicating precipitation of hematite in cavities that were formed by dissolution of the spindleshaped mineral grains. Primary constituent minerals were dissolved by penetration of surface waters containing iron; simultaneously or subsequently, hematite or goethite precipitated in the cavities to form the iron oxide/hydroxide-rich laminae.
Occurrence of sulphate minerals and their dissolution and replacement
Relict grains, nodules and laminae of sulphate minerals are commonly found in the chert layers at Ord Ranges. Among these three occurrences, spindle-shaped relict grains are the most abundant. They are either replaced by silica, hematite and goethite or remain as cavities. In the carbonate- Goldstein & Jacobsen (1988) . (A) Two samples of carbonaterich laminated chert (solid circles) studied here and banded iron-formation (triangle, Derry & Jacobsen, 1990 ) and banded chert (square, Minami et al., 1995) from the Gorge Creek Group. (B) Red hematitic cherts from Marble Bar and Pillow Hill of the Warrawoona Group. Data are quoted from Sugitani (1992) and Minami et al. (1995) . Fig. 11 . Histograms of (La/Nd) N and (La/Yb) N values for cherts and iron-formation from the Gorge Creek Group and the Warrawoona Group. Solid boxes show the samples from Ord Ranges, boxes with oblique lines show other chert and iron-formation samples from the Gorge Creek Group (the same data as Fig. 10A ), and open boxes show samples from the Warrawoona Group (the same data as Fig. 10B ).
rich laminated cherts, thin layers containing abundant small (up to 50 lm in length) spindleshaped relict grains are observed (Fig. 5B) . Similar-shaped and larger (up to 200 lm in length) relict grains are present in the oxide-rich laminated cherts, where they display mound-like aggregations or subvertically oriented and fanshaped textures (Fig. 4A) . Spindle-shaped pseudomorphic or relict grains have often been reported from Archean cherts and iron formations and are generally interpreted as gypsum replaced by silica or iron oxides (e.g. Lowe & Knauth, 1977; Lougheed, 1983) , although Grotzinger & Kasting (1993) critically noted that`gypsum pseudomorphs' in some Archean cherts were possibly derived from other minerals such as magnesite and aragonite.
The nodular structure composed of microcrystalline quartz could be interpreted as replaced sulphate nodule on the basis of their morphological resemblance to Permian aphanitic anhydrite nodules in dolomitic sediments (Tucker, 1991; Fig. 54 ). Buick & Dunlop (1990) also reported a similar interlaminar structure from North Pole Chert in the Pilbara Block and implied that the structure is a possible equivalent to the chickenwire structure (sulphate nodules) diagenetically formed in modern evaporitic sediments.
The internal structure of brecciated laminae (Figs 5A and 6) is quite similar to Mississippian silici®ed sulphate nodules (Milliken, 1979 : Fig. 9(C) ). In the Mississippian nodules, euhedral-megaquartz crystals with anhydrite inclusions are isolated inside cavities ®lled with secondary calcite or dolomite, whereas the euhedral-megaquartz crystals in the brecciated laminae contain carbonate inclusions and are isolated in the quartz matrix (Fig. 6 ). Despite such a discrepancy in mineral compositions, the internal growth of euhedral megaquartz indicates that both the layers and the nodules were once cavities. The brecciated laminae in the chert studied here are most likely interpreted to be primarily composed of soluble minerals such as gypsum and/or anhydrite.
Microbial textures
In carbonaceous black chert from Unit 3, carbonaceous matter generally occurs as very ®ne dust or clot (Fig. 4B ) and no possible microbial textures could be found. In carbonaceous fragments or thin layers of the carbonate-rich laminated cherts, on the other hand, some textures that possibly resulted from biogenic activities are well preserved. Although individual bacterial cells could not be identi®ed, the abundant microgranules in the spongy structure (Fig. 4C ) may be relicts of microorganisms. The spongy structure, which has not previously been reported from Archean cherts, appears unlikely to be formed by inorganic processes such as silica diagenesis and agitation of sediments. The most probable explanation for this texture is a bacterial colony. Carbonaceous laminae composed of spheroids and ellipsoids, in addition, may represent another type of bacterial colony (bacterial mat). The relatively large spheroids and ellipsoids (up to 40 lm) shown in Fig. 4D are similar to textures in Archean carbonaceous cherts from South Africa reported by Walsh (1992) , who interpreted that the textures were bacterial sheaths. Many microfossils have been reported from Archean cherts older than those of the Gorge Creek Group (e.g. Dunlop et al., 1978; Walter et al., 1980; Schopf & Packer, 1987) . Accordingly, it can be concluded that the carbonaceous matter in the cherts at Ord Ranges has been derived from microorganisms.
Mineralogy and geochemistry of grey chert
Abundant ®ne TiO 2 particles, detrital quartz and TiO 2 -rich sand grains conspicuously characterize the grey cherts, and the mineralogical features are explained by contributions of terrigenous detrital materials. This is supported by geochemical characteristics of the grey cherts; as shown in Figs 7 and 8, they contain more Al 2 O 3 , TiO 2 , Cr, Ni, Zn, Rb and Zr than the other cherts. Among these elements, Al, Ti, Cr and Zr are generally considered to be immobile elements incorporated in detrital phases of sediments. The grey cherts also contain thin layers that consist of intraclastic grains, some of which are broken, suggesting reworking and transportation of previously deposited sediments.
Values of Al 2 O 3 /TiO 2 in the grey cherts are generally lower than 4 and the lowest is about 1 (Fig. 9) . Although Al 2 O 3 /TiO 2 values in sediments are generally considered to represent values in the source rocks of detrital materials (e.g. Sugisaki, 1978; Sugisaki et al., 1982; Yamamoto, 1983; Sugisaki, 1984; Garcia et al., 1994; Wintsch & Kvale, 1994) , such low Al 2 O 3 / TiO 2 values have not yet been reported for terrestrial igneous rocks (Sugitani et al., 1996) . Hence, the values show Al-Ti fractionation in source areas, which will be discussed in detail in the later section.
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COMPOSITIONS OF PRIMARY SEDIMENTS AND SEDIMENTARY ENVIRONMENT
We infer that the chert layers, except Unit 2, were primarily composed of chemically precipitated silica, carbonates and sulphates (gypsum and/or anhydrite), plus organic matter. The examined cherts show some textures suggestive of postdepositional enrichment of silica, such as precipitation in cavities and metasomatic silici®cation. The abundance of primarily precipitated silica relative to other components is obscured, but its amount was signi®cantly large in the carbonaterich laminated chert of Unit 4, because microstructures related to very early silica diagenesis are abundantly observed in them. The dispersed ®ne carbonate grains contained in the cherts consist mostly of siderite and the original dominant carbonate phase could have been siderite.
Mineral associations in the chert layers, on the whole, possibly correspond to those of modern evaporitic sediments (carbonate±sulphate facies, e.g. Tucker, 1991) . Unit 1, 3 and 4 represent chemical and biogenic sedimentation under evaporitic environments, whereas Unit 2 shows clastic sedimentation. Grey cherts in Unit 2 contain sand-size detrital quartz, altered Fe±Ti oxides and intraclastic grains, indicating in¯ow of terrigenous materials to the site of deposition. Evaporitic sediments (cherti®ed by silici®cation) have often been reported from volcanic±sedimen-tary sequences of the Warrawoona Group in the Pilbara Block (Lowe, 1983; Boulter & Glover, 1986; Buick & Dunlop, 1990) . On the other hand, there has been no detailed report of evaporitic sediments from the Gorge Creek Group composed of thick sedimentary successions including shales, sandstones, conglomerates, cherts and iron-formations. Although the stratigraphic position of the chert layers studied here in the Gorge Creek Group is still unknown, they potentially represent sediments deposited in a shallow-water environment.
REE CHARACTERISTICS: IMPLICATIONS FOR SOURCES
The precursors of the chert layers are different from modern equivalents with respect to the primary precipitation of silica and Fe-carbonate (siderite), which presumably re¯ects unique Archean surface environments. In the Archean, hydrothermal alteration of oceanic crust was more active than today (e.g. Fryer et al., 1979; Veizer et al., 1989) , which is deduced from the Eu-anomaly commonly found in chemical sediments such as banded iron formation and ferruginous cherts. The contribution of hydrothermal components to Archean±Early Proterozoic iron formations and cherts has been emphasized by many authors (e.g. Dymek & Klein, 1988; Jacobsen & Pimentel-Klose, 1988; Beukes & Klein, 1990; Derry & Jacobsen, 1990; Sugitani, 1992; Manikyamba et al., 1993) , although a few authors suggest a continental origin (e.g. Miller & O'Nions, 1985; Garrels, 1987) . The Eu-anomaly found in the cherts from Ord Ranges (Fig. 10) suggests that the water mass involved in chert formation was enriched in hydrothermally derived Si and Fe.
More detailed information about the source for the chert layers at Ord Ranges is obtained by their REE patterns. REE characteristics in marine chemical sediments are generally explained by a mixing between marine bottom-water (hydrothermal), surface-water and riverine components (continental). As shown in Fig. 11 , (La/Yb) N values in the present samples tend to be higher than those in iron formation and banded chert of the same age: this is attributed to a larger contribution of continental components to the chert layers at Ord Ranges compared with the iron-formation and banded chert studied by Derry & Jacobsen (1990) and Minami et al. (1995) . This is consistent with our hypothesis that the chert layers were deposited in a shallow and restricted basin. Furthermore, chemical sediments from the Gorge Creek Group studied here and by Derry & Jacobsen (1990) and Minami et al. (1995) have more LREE-enriched characteristics (higher (La/ Nd) N and (La/Yb) N values) than the equivalents in the older Warrawoona Group (Figs 10 and 11) . This implies an increasing contribution of continental components to the oceans during the sedimentation of the Gorge Creek Group.
SIGNIFICANCE OF TITANIFEROUS GREY CHERTS
Titanium-enrichment and very low Al 2 O 3 /TiO 2 values in some Archean cherts were recently reported by Sugisaki et al. (1995) and Sugitani et al. (1996) , who examined chert layers of the Gorge Creek Group occurring at Point Samson, north-northeast of Roebourne. Sugitani et al. (1996) concluded that the Ti-enrichment resulted from input of Ti-enriched detrital materials and suggested that the Ti-enriched detrital materials were produced by extensive chemical alteration of source rocks, i.e. Al dissolution and residual accumulation of Ti. Although petrological features of grey cherts from Ord Ranges are different in some aspects from those of the Point Samson chert layers, the enrichment of Ti relative to Al is believed to have been caused by the similar process to that for the Point Samson chert layers.
Detrital zircon grains are often found in Ti-rich laminae of the Point Samson chert layers, but not in the grey cherts from Ord Ranges. However, covariation between Zr and TiO 2 (Figs 7 and 8) suggests the presence of ®ne-grained zircon unidenti®ed under the microscope. Ti-bearing mineral phases in the Point Samson chert layers are acicular to granular rutile (anatase) and pellet-like aggregates of Fe±Ti oxides other than ®ne TiO 2 particles, whereas those in the grey cherts are mostly ®ne TiO 2 particles and Ti-rich sand grains. Ti-rich sand grains are possibly altered Fe±Ti oxides such as ilmenite and titano-magnetite that are the most resistant minerals against chemical weathering in addition to quartz and zircon (Nesbitt & Wilson, 1992) . Morad (1988) and Morad & AlDahan (1986) reported that these minerals in sedimentary rocks are diagenetically altered and authigenic Ti-oxides (anatase and rutile) occur; Fe±Ti oxides (titano-magnetite and ilmenite) in sedimentary rocks are successively enriched in Ti and depleted in Fe, and ®nally form pure TiO 2 .
There has been no previous study of titaniferous cherts in the Archean, but the accumulation of data on Archean cherts should reveal more widely distributed titaniferous sediments in the Pilbara Block and in other Archean cratons. Sugitani et al. (1996) noted that Ti-enriched and Al-depleted detrital materials can be formed by two potential mechanisms, i.e. extensive chemical weathering and hydrothermal alteration of source rocks. During extensive chemical weathering or hydrothermal alteration, most rock-forming minerals could be decomposed and quartz, Fe±Ti oxides and zircon would be residually accumulated. Furthermore, if this process had operated under acidic condition (pH < 3á9 soluble point of kaolinite and gibbsite; see also Brookins, 1988) , Al±Ti fractionation (i.e. dissolution of Al and residual enrichment of Ti) could have effectively occurred (Sugisaki et al., 1995; Sugitani et al., 1996) .
SIGNIFICANCE OF SIDERITE-SULPHATE ASSEMBLAGE
Although ®ne siderite grains contained in the Ord Ranges chert layers are primary or early diagenetic products, the bulk composition of carbonates precipitated during evaporation of the ambient water mass is a problem to be resolved. It is suggested that the precursory presence of calcite (aragonite) and/or dolomite cannot entirely be excluded. The water mass in the depositional basin is assumed to have contained substantial Ca 2+ and Mg
2+
, because the cherts contain pseudomorphs after Ca-sulphates (gypsum and/or anhydrite) and show geochemical and petrological characteristics indicating the contribution of continental (terrigenous) components (Ca 2+ and Mg 2+ ). In Phanerozoic evaporitic basins, calcite (aragonite) and/or dolomite generally occur but siderite does not. However, we emphasize here that siderite is still important as a candidate for the dominant carbonate phase precipitated during evaporation. Under particular conditions even in the presence of Ca 2+ and Mg 2+ , siderite could be preferentially precipitated and the precipitation of calcite (aragonite) and dolomite could be inhibited. Such conditions are inferred from the results of previous studies on Archean atmosphere and weathering. In the following discussion, we present a hypothetical mechanism that could explain the precipitation of silica, siderite and sulphates in an Archean evaporitic basin.
On the basis of the presumed high CO 2 partial pressure in the Archean (e.g. Owen et al., 1979; Kuhn & Kasting, 1983) , some theoretical studies recently suggest a slightly lower pH value (6á5$7) for ancient ocean waters than at present (e.g. Krupp et al., 1994) , although some other studies imply a higher pH value (e.g. Kempe & Degens, 1985) . It is, in addition, implied that the high CO 2 partial pressure and acid materials (H 2 S and HCl) issued from volcanoes generated acid rain and surface waters (Krupp et al., 1994; Sugitani et al., 1996) . If this is the case, the pH value of water masses in Archean shallow and restricted basins could be shifted lower than that of open oceans. Under acidic conditions, Ca-carbonates are less stable compared with Fe-carbonate and Ca-sulphates (e.g. Brookins, 1988) ; CaSO 4 á 2H 2 O and FeCO 3 are stable at pH 3á9±6á5 and pH 5±7, respectively, whereas CaCO 3 is stable at pH > 6á5. Thus, given the water mass had a pH value between 5 and 6á5, the precipitation of Fe-carbonate and Ca-sulphates prior to Ca-carbonates could have occured. On the other hand, primary or early diagenetic dolomite-formation is restricted for the following reasons: as suggested by Baker & Kastner (1981) , high dissolved sulphate concentrations in the water mass, which is deduced from the abundance of sulphate minerals in the cherts at Ord Ranges, could have inhibited primary dolomite precipitation; also the former absence of primary calcite (aragonite) discussed above would not allow such dolomite generation as replacement of Ca 2+ in calcite by dissolved Mg 2+ . This model for interpreting mineral associations of the chert layers at Ord Ranges is simpli®ed and includes some uncertainties. The stability ®elds for CaSO 4 á 2H 2 O, FeCO 3 and CaCO 3 on pH±E h diagrams could be modi®ed by coexisting ions, concentrations of dissolved O 2 and CO 2 and temperature. The experimental results of gypsum-synthesis by Cody (1979) , in addition, show that lenticular (spindle-shaped) gypsum can not be precipitated under acidic conditions. However, it is still worthwhile to assume that siderite and gypsum (and anhydrite) were originally precipitated from evaporating water mass in an Archean shallow restricted basin.
